Massive transfusion (MT) in pediatric patients remains poorly defined. Using the largest existing registry of transfused pediatric trauma patients, we sought a data-driven MT threshold.
P
reventing death from traumatic injury in both adult and pediatric patients requires the rapid, accurate identification of those who have bled significantly or who harbor injuries with significant bleeding potential. Identifying such patients early and responding with data-driven treatment strategies represent the singular focus of numerous ongoing investigative efforts in the trauma community.
Delivery of a massive transfusion (MT) has been used by some to identify patients at risk for death from hemorrhage. 1 MT has classically been defined as the administration of a large volume of whole blood (WB) or packed red blood cells (PRBCs) over a given time period (e.g., one blood volume over 24 hours).
1,2 However, most definitions are based on arbitrary volumes of products transfused over different time frames and have never been validated as predictive of mortality. 3Y5 Ultimately, the principal obstacle to creating a valid definition of MT is the heterogeneity of populations studied. 1, 6, 7 For pediatric patients, all current MT variations in the adult literature have little relevance because of differences in patient size, patient physiology, and injury demographics. 8, 9 The most commonly held MT definition in the field of pediatric transfusion is the administration of 50% circulating blood volume over 24 hours. However, like the adult MT definitions, this definition is arbitrary and has never been validated, leading some to question the very utility of such a measure.
As in the adult population, however, clinical triggers that guide MT protocol activation have proven unreliable because no validated MT prediction models exist for children, and such models cannot be developed without a consistent, evidencebased definition of MT.
All the inherent limitations of the MT concept aside, a validated pediatric-specific MT definition may permit the identification of children at risk for shock, coagulopathy, and death secondary to hemorrhage. Furthermore, a pediatric-specific definition may facilitate the further development and optimization of pediatric resuscitation strategies. The purpose of the present study is to define MT in a pediatric trauma population by evaluating the outcomes of transfused, injured children in Iraq and Afghanistan.
PATIENTS AND METHODS
This study was initiated under a protocol reviewed and approved by the San Antonio Military Medical Center Institutional Review Board. We queried the Department of Defense Trauma Registry (DoDTR) for all injured patients younger than 18 years admitted to US combat support hospitals in Iraq and Afghanistan from 2001 to 2013. To clearly identify a cohort of patients at risk for death from hemorrhage rather than from head trauma, we then excluded all patients with a severe isolated head injury (head Abbreviated Injury Scale [AIS] score Q 3 with no other injuries) or a predominant head injury (head AIS score Q 2 over the next highest AIS score) from the analysis. 5 Patients with predominant thermal injury, those with nontraumatic mechanisms (e.g., drowning and asphyxiation) and those with missing Injury Severity Score (ISS) data were also excluded. The final cohort for this study included only those patients who received at least one blood product in the first 24 hours after injury including WB, PRBCs, fresh frozen plasma (FFP), platelets (Plt) or cryoprecipitate (Cryo).
The primary end points were 24-hour and in-hospital mortality as these children were generally managed within our deployed medical system until discharge. Data retrieved included the demographics of age, weight, sex, and injury mechanism. Measures of injury severity including Glasgow Coma Scale (GCS), AIS for each body region, and ISS were also retrieved. Physiologic and laboratory data included admission temperature, hematocrit, base excess (BE), Plt count, and international normalized ratio (INR). For the purposes of this study, hypothermia was defined as temperature of 35 -C or lower, coagulopathy was defined as an INR of 1.5 or greater, and shock was defined as a BE of j6 or less. 15, 16 Length of stay (LOS), length of intensive care unit (ICU) stay, need for mechanical ventilation, and total ventilator days were also retrieved.
Resuscitation data included the 24-hour volumes for crystalloid and colloid and the number of units of WB, PRBC, FFP, Plt, and Cryo. Units were converted to a volume in milliliters using the average volume of component units administered in each theater of operation (Table 1) . The volume of blood products administered was then converted to milliliters per kilogram body weight for each patient. Missing weights were imputed to avoid introducing bias into the results. To determine the optimal imputation strategy for missing weights, mean recorded weights for each age and sex grouping (in 1-year increments) were compared with the mean expected weights published by the World Health Organization (WHO, ages 1Y10 years) 17 and the Centers for Disease Control (CDC, ages 1Y17 years). 18 Mortality was evaluated for increasing volumes of all blood products to determine if an inflection point existed for a particular transfusion volume. In addition, sensitivity and specificity for predicting 24-hour and in-hospital mortality were plotted against blood product transfusion volume to determine the intersection of these curves. Patients receiving blood product amounts below this point (MTj) were compared with patients above (MT+) with univariate analysis. 
RESULTS
During the 12-year study period, 4,990 patients younger than 18 years were recorded in the DoDTR. From this cohort, 1,341 were excluded for a thermal injury or nontraumatic mechanism, an isolated or predominant head injury, or incomplete ISS data. Of the remaining 3,649 patients, 1,113 (31%) received blood products during the first 24 hours of their hospitalization and were included in the analysis (Fig. 1) . Weight data were missing in 380 (34%) transfused patients. Of the 4,990 injured pediatric patients in the DoDTR, 2,596 with recorded weights were used to determine the optimal imputation strategy for missing weights. Mean recorded weights for each age and sex group were compared with both the WHO and the CDC mean weights and were found to be significantly different in 13 (36%) of the 36 groups (Supplemental Digital Content 1, http://links.lww.com/TA/A490 and http://links.lww.com/TA/A491). Consequently, missing weights were imputed using the sexspecific mean value for a given age rather than the WHO or CDC mean weight to more closely approximate the study population.
Evaluation of crude mortality for increasing volume of all blood products transfused demonstrated a bimodal distribution with a possible inflection point at 70-mL/kg to 80-mL/kg transfused blood products (Fig. 2) . However, a plot of sensitivity and specificity for 24-hour mortality indicated that a threshold of 40.1 mL/kg of all blood products was optimal (Fig. 3A) . A similar plot for in-hospital mortality suggested a threshold of 38.6 mL/kg of all blood products transfused (Fig. 3B) . Thus, a pragmatic value of 40 mL/kg was chosen to define an MT as a result of this analysis.
Complete demographics compared between the MT+ and MTj groups are shown in Table 2 . A greater percentage of the MT+ cohort sustained injury from explosion (63.4% vs. 50.6%, p G 0.001), and MT+ patients were more severely injured, with a higher ISS (17 vs. 13, p G 0.001). Upon presentation, MT+ patients exhibited a lower GCS score (13 vs. 15, p G 0.001) and were more often hypothermic (13.0% vs. 3.4%, p G 0.001), in shock (68.1% vs. 47.0%, p G 0.001), coagulopathic (45.0% vs. 29.6%, p G 0.001), and thrombocytopenic (10.6% vs. 5.0%, p = 0.002). MT+ patients received more crystalloids during the first 24 hours (81.8 mL/kg vs. 61.2 mL/kg, p G 0.001) in addition to a greater total volume of blood products (80.4 mL/kg vs. 16.7 mL/kg, p G 0.001). Tranexamic acid use was more frequent in the MT+ group (12.4% vs. 1.3%, p G 0.001).
MT+ patients had more ventilator days (2 days vs. 1 day, p G 0.001), longer ICU stays (4 days vs. 2 days, p G 0.001), and longer hospital stays (8 days vs. 5 days, p G 0.001). Both 24-hour mortality (5.4% vs. 2.2%, p = 0.005) and in-hospital mortality (14.7% vs. 6.1%, p G 0.001) were higher in the MT+ group. Multivariate logistic regression was performed by including those fixed demographic factors with p G 0.2 between MT+ and MTj in the model, namely, age, sex, weight, and injury mechanism. Mortality was significantly greater in the MT+ group at both 24 hours (OR, 2.50; 95 CI, 1.28Y4.88; p = 0.007) and in-hospital (OR, 2.58; 95% CI, 1.70Y3.92; p G 0.001).
DISCUSSION
The purpose of the present study was to determine if MT could be clearly defined in a pediatric trauma population. There was no single, clear-cut inflection point for increased mortality with increasing transfusion volume; however, sensitivity and specificity analysis suggested a threshold of 40 mL/kg of all blood products given within the first 24 hours as a potential MT definition. Further comparison between MT+ and MTj groups confirmed that, indeed, this definition successfully differentiates pediatric trauma patients at increased risk for both early and late death. This is the first study to provide objective evidence that a mortality threshold for blood product administration exists in the pediatric trauma population. Our results indicate that 40 mL/kg or greater of all products provides a benchmark for MT, which is approximately half the circulating blood volume of most children. 8, 10 During the last decade, numerous studies have stressed the importance of damage-control resuscitation and the use of balanced ratios of blood products in the adult trauma population. 4,19Y22 The benefit of ''balanced resuscitation'' has led to the adoption of MT protocols in pediatric trauma centers as well. 3, 11, 12, 14 However, there remains no consensus on the optimal strategy for blood product delivery and no clear trigger(s) for MT protocol activation. 22 Moreover, MT protocol use and early plasma administration have not demonstrated a clear survival benefit in pediatric trauma. 4, 11, 13 There is additional concern that overly aggressive transfusion strategies in minor trauma may lead to increased harm. 8,23Y25 Clearly, there is a need to validate MT protocols and establish criteria for MT protocol activation to rapidly mobilize blood products while also minimizing the waste of limited resources. 3 As an initial step in addressing these pressing issues, an optimal definition for MT must be developed.
The original concept of an MT stemmed from the idea of an exchange transfusion given to bleeding patients and was thought to portend a poor outcome. 2 With the division of WB into components, most modern definitions of MT emphasize the volume of PRBC transfused and have not accounted for the other blood products administered (i.e., FFP, Plt, and Cryo). 4,5,26Y28 Regarding the volume of PRBCs that constitute an MT and the time interval of administration, there remains significant variation in the recent literature for both adult and pediatric patient populations (Table 3) , and as Stanworth et al. 1 have illustrated, there is no identifiable mortality threshold at traditionally accepted MT definitions. Furthermore, MT is a retrospectively applied label subject to survival bias, 1, 29 and reaching an MT threshold requires timely action by the managing physician and may be further confounded by logistical issues in the blood bank that cannot be accounted for in studies (e.g., the thawing of FFP, overall blood product availability, and blood typing). These inherent problems have led several groups to offer end points other than MT as surrogates for hemorrhage volume, severity of illness, or risk for mortality in bleeding trauma patients by narrowing the time frame from initial presentation or by evaluating the rate of blood product administration. 6, 7 To date, however, no such approach has been explored in pediatric trauma.
One unique feature of the present study is the inclusion of all blood products administered instead of PRBC units alone. This approach to defining MT reflects the current trend to deliver blood products in a balanced method to avoid or treat acute traumatic coagulopathy and to prevent deaths from hemorrhage. 20, 22, 30, 31 This approach is also consistent with historic MT definitions, which were based on a volume of WB transfused. 2 Additional prospective studies such as the PRospective Observational Multicenter Major Trauma Transfusion (PROMMTT) are needed to conclusively determine if defining MT in such a way reliably identifies critically injured patients. 7 Another unique feature of this study is that the majority of MT+ patients sustained their injuries from explosions. This mechanism of injury combines the blunt force of the blast with penetrating fragmentation injuries. Thus, injuries from explosions can be particularly devastating. 32, 33 Given the predominance of blunt trauma found in the civilian pediatric population, 15 the results of the present study may not apply to the general pediatric trauma population. However, explosions as a mechanism of injury are becoming more commonplace because of terrorist attacks targeting civilian populations and the global burden of unmarked landmines. 34, 35 Nevertheless, the findings of this study should not be translated to the civilian pediatric trauma population without specific validation.
To our knowledge, this represents one of the largest studies of transfusion practices in pediatric trauma. The present study differs significantly from other descriptions of pediatric MT in that we excluded patients with isolated or predominant head injury. 4 While head injury represents an important cause of mortality in the pediatric population, many of these deaths are considered nonpreventable, and these patients do not often require or receive a large-volume resuscitation. 5, 8, 36 Limitations in this study include those inherent in retrospective analyses including missing or incorrect data. However, those who review charts and input DoDTR data undergo extensive training, and multiple quality assurance measures have been enacted. On careful inspection for data veracity, the only variations we identified were the potential misestimation of some patient ages and the recording of Cryo units in multiples of 10 rather than multiples of 1 in a small number of patients. Regarding patient ages, as we evaluated the data set for an optimal imputation strategy, we found that the mean recorded weights were statistically higher or lower than the expected mean weight published by the WHO and CDC for several of the age and sex groups. This suggested either that the study population was overweight in some cases and thinner in others relative to the global population or that some recorded ages were estimations. 18 Based on this finding, to best represent the study population, we imputed missing weights with the mean of recorded weights for each age and sex group assuming a similar inaccuracy in the estimation of ages for all patients. The sensitivity/specificity analysis was repeated with CDC imputed weights and revealed the same intersection at 40 mL/kg. We also performed the analysis without the Cryo data and found that the MT threshold remained the same.
This study is also limited by the absence of data on specific cause of death. Consequently, we were unable to definitively identify those children who died of hemorrhagic shock. However, we feel that our evaluation of those who died in less than 24 hours without isolated or predominant head injury represented an appropriate surrogate.
The final limitation of this study stems from the lack of data on transfusion rate or timing within the first 24 hours in the DoDTR. Furthermore, our calculations for blood product volumes administered included those patients who did not survive the first 24 hours, which falsely lowers the mean volume of product received. To evaluate for any such lead-time bias, we created separate sensitivity/specificity curves for 24-hour and in-hospital mortality and saw no clinically significant difference in the value at which these curves intersected. Future iterations of the DoDTR should include more granular data on blood product administration and on the timing of death within the first 24 hours based on growing evidence that early and aggressive damage-control resuscitation within the first 6 hours has a persistent benefit at the 24-hour mark. 25, 30, 31 
CONCLUSION
Current evidence guiding the conduct of pediatric MT or predicting its use is lacking. Using a cohort of transfused combatinjured pediatric patients, we found that an MT threshold of 40 mL/kg of all blood products given in the first 24 hours is optimal. This definition of MT is independent of injury mechanism, accounts for modern transfusion practices, and effectively identifies transfused pediatric trauma patients at risk for both early and late death. Investigators should consider using this definition of MT in future studies on pediatric resuscitation. Subjects studied were non-head injured with a blunt or penetrating mechanism who required blood product transfusion within the first 24 hours of hospitalization. The authors set out to identify the volume of transfusion that best defined massive transfusion.
Based on sensitivity and specificity modeling and looking at 24-hour mortality and in-hospital mortality the authors concluded a value of 40ccs per kilogram of product as the optimal working definition for massive transfusion.
The study group included more than 1,100 children that received blood products during the first 24-hours of their hospitalization or roughly one-third of all eligible subjects received blood.
Of the children receiving any transfusion an astounding 40 percent were characterized as having required a massive transfusion.
This study suffers from the typical foibles of a retrospective, multi-era study with a large number of care providers. However, this is one of the largest supported series of pediatric patients requiring transfusion and was assembled in a registry with a fairly rigorous data collection. As such, I believe it is an important contribution.
I have a couple of comments and several questions for the authors.
The authors noted an association, not surprisingly, between the need for massive transfusion and factors such as a higher ISS, greater risk of shock, more hypothermia, higher mortality, essentially all of those factors that go hand-in-hand with more severe injury.
How, then, does one use this number, 40ccs per kilo of product, to understand what to do with their patient? What is of greater clinical significance is not identifying who had massive transfusion but, rather, predicting who will need a massive transfusion and who is at greatest risk on the front-end of the care. Most realize that by the time you get to a massive transfusion your patient is at high risk for adverse outcome.
There has been great interest in defining optimal transfusion ratios for the pediatric population but evidence is lacking. Can the authors comment whether based on analytic or anecdotal evidence whether there is a benefit of a 1:1:1 transfusion ratio in the pediatric population as has been advocated for in the adult population?
I would also be interested to know if the time to massive transfusion was of any consequence, that is, those that require transfusion usually do so very early on until definitive hemorrhage control is achieved.
If they haven't already, the authors might consider looking at the cohort that receives or reaches the massive transfusion threshold within a shorter time frame, such as 6 to 12 hours, as we try to understand the population better and the risk factors for meeting massive transfusion.
The authors appropriately note in the manuscript that the results of their study might not apply to the civilian pediatric trauma population.
And while I think this data is provocative and potentially very insightful I do, also, think that there is something very different about this population as compared to children we see in the stateside trauma centers where transfusion rates are far lower and massive transfusion is actually quite rare.
Transfusion is uncommon in the pediatric population so to understand what drives the need for transfusion one needs a large dataset such as has been collected here by the Defense Department.
I am grateful to the authors for utilizing their robust dataset to take on this important topic and would encourage their analyzing the data further to help understand how we can identify these patients early-on and how best to treat these more severely injured patients.
I appreciate the opportunity to have reviewed this study and look forward to future studies by this group.
Dr. Martin Schreiber (Portland, Oregon): Nice study. I have to admit I have serious reservations about this study for a number of reasons.
Those of us who have worked with the DoD Trauma Registry realize that there are serious data limitations. In this particular study weight is a serious limitation yet we're getting a weight-based definition for massive transfusion. I think that's a major problem.
The issue, also raised by the author, was the one of survival bias. We are not going to get any information on people who died less than 24 hours after injury so, you know, we can't really tell what the real mortality of these patients was. Now, the last thing I want to raise is an issue that hasn't been raised which is this study extended from 2001 to 2013. During that period of time the methods for caring for patients has changed dramatically.
In fact, the first time the damage control resuscitation clinical practice guideline appeared was in 2004. So for the period from 2001 to 2004 we didn't have a damage control clinical practice guideline.
There have been many iterations since that time and many changes. I think that you should go back and look at the more recent period which is more reflective of our current management.
I If you felt that this was supported in another prospective study would you consider, once we reach the 40 per kilo threshold, is that a point where we terminate because of our resource limitations? Thanks.
Dr. Lucas P. Neff (San Antonio, Texas): Thank you for those excellent questions. Dr. Nance, thank you for reviewing our manuscript.
Your question about creation of a definition of massive transfusion relates also to Dr. Bennett's questionVwhat do we do with this 40 milliliters per kilogram value that we think defines a pediatric massive transfusion? Our original objective with this DoD Trauma Registry data was to study transfusion ratios and replicate some of the damage control resuscitation studies from the adult literature that impacted resuscitation practices-using the same DoD trauma registry that these adult studies used.
Yet, when we started thinking about how we were going to construct these types of pediatric studies, we realized that there was no real consensus on what constituted a massive transfusion -so that we could group patients and begin to look at their ratios and the timing of products and outcomes.
And so we decided to step back, knowing that we have a fairly unique dataset, and try to build a foundation. And the creation of a definition that was predictive of increased mortality was the first step.
In terms of the data we used, you are exactly right. It is a retrospective look. The inherent limitation of the DoD Trauma Registry data is that you only have a snapshot in time and it cannot reflect what is happening ''in the moment''during a resuscitation.
With respect to the timing of blood product administration, the DoD Trauma Registry doesn't have the ability to capture all of the data on the timing of blood products and definitive hemorrhage control in the operating room. It would just be nearly insurmountable data management issue, especially with all of the data that is contained within that registry.
So, we struggle with not being able to calculate the resuscitation intensity or the critical activation threshold, some of these other studies and other definitions that have been created that seem to be more on the mark. We just don't have the ability to capture that data and we are left to make reasonable inferences with that 24-hour retrospective snapshot.
Regarding the general applicability of the patients in this dataset to the larger civilian pediatric population-of course that is a concern and one that we have as well.
There have been other attempts to use this pediatric data to create predictive models for mortality that have then been compared to pediatric patients in civilian registries-a completely different population predominated by blunt injury. And those predictive mortality models performed the same in the civilian or war-injured children.
Granted, we are dealing with transfusion, and not just crude mortality. But we think that it may be erroneous to assume that some of our conclusions cannot translate to the general civilian population -we just have to do a deeper dive into the dataset. That is an area of further study.
I will mention that there is a prospective, observational study that is looking at massive transfusion in children for all types of reasons, headed up by one of our coauthors out of Washington University, Dr. Spinella. And so hopefully that will provide some more foundational information to guide future studies and potentially even validate some of our findings.
With respect to Dr. Schreiber's comments, certainly the weight was a significant issue and that is why we spent so much time looking at CDC and WHO data and really trying to understand how to best impute missing values and treat the data honestly.
And so when we did it in several different ways and found that we kept hitting that 40 milliliters per kilogram threshold where the sensitivity and specificity curves intersected, we felt that we could move forward with at least some degree of confidence, keeping in mind that the data is not perfect.
The long period of time in the study is certainly an issue because practices change over time. One of my co-authors, Dr. Jeremy Cannon, presented a poster already this week that tracks the transfusion practice over time.
And the bulk of the children that were transfused happened after 2006. You raise a valid point about looking at a time period that was more representative of current practices, but we wanted to get as much data as we could. We also don't know if the current adult resuscitation practices are the best for children. Maybe hemostatic damage control resuscitation is harmful for children. A more longitudinal study incorporating more types of transfusion practices over the last decade of war may help us get closer to the best method of caring for these children.
Dr. Bennett, to your question about whether this definition is a way of potentially limiting care in austere conditions, I don't think that anyone would advocate that resuscitative efforts should cease once a child reaches a 40-milliliter per kilogram threshold. In small children, 40-milliliters per kilogram may not amount to much blood and wouldn't be much of a burden on the blood bank at all. So, I don't think that the definition we proposed here has any clinical bearing whatsoever.
This definition is simply a research construct that will allow us to go back and look at those patients at increased risk for death and then look at their resuscitations in a retrospective fashion and understand the benefit of blood product ratios and volumes. But certainly it's difficult to be in downrange when the needs are great and the resources are limited. That's a very valid point.
Thank you very much.
